The aim of this study was to purify an acidicglucan-protein complex from the fruiting bodies of Pleurotus sajor-caju by using the cell wall-degrading enzymes, xylanase and cellulase. The acidic glucanprotein complex was separated from a polysaccharide extract by using DEAE Toyopearl 650M anionexchange and Sepharose CL-6B chromatography. Its homogeneity was ensured by high-performance sizeexclusion chromatography and agarose gel electrophoresis. The acidic glucan-protein complex had a molecular weight of approximately 182 kDa. Fourier transform infrared spectroscopy of the acidic glucan-protein complex revealed an -glycosidic bond and the typical characteristics of polysaccharides and proteins. The amino acid composition of the protein moiety was dominated by proline, glycine, glutamic acid and aspartic acid, indicating that the protein was highly flexible and had a negative charge. Atomic force microscopy proved that the acidic -glucan-protein complex existed in a spherical conformation. The acidic -glucan-protein complex stimulated the activation of macrophages, including the production of nitric oxide and tumor necrosis factor-.
Mushrooms are valued as edible and medicinal resources, as well as being the source of various antitumor substances. The best known and most potent mushroom-derived substances are polysaccharides with antitumor and immunomodulatory properties. 1) Most of the antitumor polysaccharides of mushrooms have the basic -glucan structure, -1,3-1,6-glucan. However, some polysaccharide-protein complexes have also been reported to have outstanding antitumor properties. 2) These polysaccharide-protein complexes are macromolecules that consist of a central core protein to which are attached a number of polysaccharide chains.
3) Their biological activities have attracted strong attention in the search for therapeutic agents with immunomodulatory and antitumor properties.
2) Although the modes of action of these compounds are not clear, they are considered to involve the immune system. 4) Some biologically active polysaccharide-protein complexes have already been isolated from such mushrooms as Phellinus linteus 5, 6) and Coriolus versicolor and are clinically used in Japan. 7) The genus Pleurotus (Jacq.: Fr.) Kumm is one of the most widely consumed edible mushroom genera because of its high adaptability. 8) The polysaccharide-protein complexes extracted from such species as P. citrinopileatus, 8) P. ostretus, 9) P. tuber-regium, 10) P. eryngii, 11) and P. geesteranus 12) have been found to have immunomodulatory and antitumor properties. P. sajor-caju is a tasty mushroom with high nutritional value, therapeutic properties and various environmental and biotechnological applications. This mushroom was first found by the Indian scholar, Yan Dai Ke, at the foot of the Himalayas, and previous studies have isolated various kinds of glucans from this species. [13] [14] [15] The cell walls of mushrooms have a multi-layered structure. Some glucans have been perceived to form complexes with proteins in the cell walls of mushrooms. 14) These complexes are bound together by hemicellulose and cellulose to form networks. A variety of polysaccharides of differing structure have been derived from various sources using different extraction processes. 1) Enzyme-assisted extraction is undoubtedly an emerging technology in the food industry. 15) As xylan and cellulose are present in mushroom fruiting bodies, the degradation of xylan and cellulose by cell walldegrading enzymes (xylanase and cellulase) is expected to improve the extraction of the polysaccharide-protein complex from these networks. However, information on the acidic polysaccharide-protein complex of mushrooms is limited, making the discovery and evaluation of new polysaccharide-protein complexes from mushrooms hot research topics in order to find new and safe compounds for functional foods.
Enzyme-assisted extraction may be an effective technique for extracting new polysaccharide-protein complexes. However, no studies have reported using this method to extract the acidic glucan-protein complex from P. sajor-caju. The aim of this study was therefore to purify the acidic glucan-protein complex from a polysaccharide extract of the fruiting bodies of P. sajorcaju by hot water extraction together with the use of the cell wall-degrading enzymes, xylanase and cellulase. The effect of the purified acidic glucan-protein complex on macrophage activation was also investigated.
Materials and Methods
Materials. Fresh fruiting bodies of the Pleurotus sajor-caju mushroom were purchased from a farm in Ratchaburi province, Thailand. The mushrooms were washed in water, crushed, dried in an oven at 60 C and ground to a fine powder with a mill. DEAE 650M was purchased from Tosoh (Japan). Oat spelt xylan, carboxymethylcellulose, Sepharose CL-6B, standard dextran and lipopolysaccharide (LPS from Escherichia coli 0111: B4) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Polymyxin B (PMB) was purchased from Calbiochem-Merck4Biosciences (Merck Millipore, Germany). A mushroom -glucan assay kit was purchased from Megazyme International Ireland (Wicklow, Ireland). Murine macrophage J774A.1 cells were obtained from the American Type Culture Collection (Manassas, VA, USA). AlamarBlue and TNF enzyme-linked immunosorbent assay (ELISA) kits were purchased from R & D Systems (Minneapolis, MN, USA). An RPMI-1640 medium was purchased from HyClone (Logan, UT, USA), and fetal calf serum and l-glutamine were purchased from Life Technologies (Rockville, MD, USA).
Cell wall-degrading enzyme preparation. Paenibacillus curdlanolyticus B-6 was used as the xylanase-and cellulase-producing strain. According to the method described by Sornyotha et al., 16) the bacterium was grown in Berg's mineral salt medium 17) containing corn husk (1%, w/v) as the carbon source. The culture was incubated in a rotary shaker at 200 rpm and 37 C for 3 d. After centrifugation at 8;000 Â g for 10 min at 4 C, the culture supernatant was used as a source of xylanase and cellulase, after being concentrated about 20-fold by ultrafiltration.
Enzyme assays. The xylanase activity was assayed by measuring the reducing sugars released from oat spelt xylan. The reaction mixture (0.6 mL) consisted of 0.5% (w/v) xylan in a 50 mM sodium phosphate buffer (pH 6.0) and the enzyme solution.
18) After 10 min of incubation at 50 C, any increase in reducing sugars was measured by the Somogyi-Nelson method. 19) The cellulase activity was measured under the same conditions as those just described by using carboxymethylcellulose as the substrate. One unit of enzyme activity is defined as the amount of enzyme that liberated 1 mmol of product per minute under the assay conditions.
Preparation of crude polysaccharide from mushrooms. The mushroom powder (500 g) was mixed with 500 mL of 95% ethanol (v/v) at room temperature for 48 h while stirring to remove any low-molecularweight compounds. The supernatant was removed, and the residue was extracted four times with hot distilled water (1:2 w/v) at 120 C for 15 min according to the modified method of Izydorczyk et al. 20) After filtering to remove any debris, the filtrate was concentrated in a rotary evaporator, and free protein was removed by using the Sevag method, 21) before exhaustive dialysis through regenerated cellulose tubes (MWCO 10,000 Da) against water for 48 h. The deproteinized supernatant was subsequently lyophilized to give a crude polysaccharide.
Cell wall-degrading enzyme treatment. The crude polysaccharide (5 g) was diluted with a sodium phosphate buffer (50 mM, pH 6.0) after hot water extraction. After heating to 50 C, 2.0 U/mg of the protein of xylanase and 0.08 U/mg of the protein of cellulase from strain B-6 were added. After 90 min, the solution was boiled for 10 min to inactivate the enzymes. The solution was then centrifuged, and the supernatant was dialyzed and lyophilized to give the polysaccharide extract.
The degree of hydrolysis (%) was calculated according to the following equation:
Content of total sugar in polysaccharide extract after hydrolysis with enzymes Content of xylan and cellulose in polysaccharide extract Â 100
This equation was modified from that of Benk} o o et al. 22) Total sugar was determined by the phenol-sulfuric method, 23) and the xylan and cellulose contents were obtained as described by Satitmanwiwat et al.
24)
A non-enzyme treatment was also conducted under the same conditions, but with no enzymes added.
Purification of the polysaccharide-protein complex. The polysaccharide-protein complex was purified according to the method of Kim et al. 6) with some modifications. The polysaccharide extract was dissolved in warm distilled water, centrifuged, and then the supernatant was applied to a Toyopearl DEAE column (2.0 ID Â 45.0 cm) that had been equilibrated with distilled water. After loading the sample, the column was successively eluted with distilled water and then stepwise with NaCl solutions (0.2, 0.5, and 1.0 M) at a flow rate of 0.6 mL/min and 4.0 mL of eluent per fraction. The total sugar content of each tube was measured at 490 nm by the phenol-sulfuric method, 23) and the protein absorption at 280 nm was measured for each fraction. The polysaccharide-protein complex was then dialyzed against distilled water before being lyophilized.
The polysaccharide-protein complex was further purified by gel filtration chromatography (Sepharose CL-6B, 1.5 ID Â 60.0 cm). The polysaccharide-protein complex was applied to a Sepharose CL-6B column that had been equilibrated with distilled water. Elution was carried out with distilled water at a flow rate of 0.4 mL/min and 2.0 mL of eluent per fraction. The fractions from each peak were used as the purified polysaccharide-protein complex.
Analysis of polysaccharide and protein contents in the polysaccharide-protein complex. The polysaccharide content was determined by the phenol-sulfuric method, using glucose as the standard.
23) The protein content in the protein-bound polysaccharide was determined according to the Lowry method, using bovine serum albumin as the standard. 25) A mushroom -glucan assay kit, which was specific only for -glucan, was used to ascertain the -glucan content in the polysaccharide of P. sajor-caju.
Polysaccharide-protein complex quantification and analysis. The polysaccharide extract of P. sajor-caju contained both -glucan and the polysaccharide-protein complex. It was complicated to directly detect the glucan-protein complex of P. sajor-caju. A mushroomglucan assay kit (Megazyme), which was specific only for -glucan, was therefore applied to detect the polysaccharide-protein complex. Such other polysaccharides as xylan and cellulose were removed by xylanase and cellulase in the extraction step, although chitin was not extracted together with the crude polysaccharide since it was not rendered soluble by the hot water treatment. The polysaccharideprotein complex content (%) was therefore calculated as follows:
Approximate polysaccharide{protein complex content (%)
where the total polysaccharide extract is presented as 100%, and B is the -glucan content (%) measured with the mushroom -glucan assay kit.
Recovery of the glucan-protein complex from the polysaccharide extract. Recovery of the glucan-protein complex was assessed by subtracting the percentage of the glucan-protein complex after purification by anion-exchange chromatography from the percentage of the glucan-protein complex in the polysaccharide extract.
Determination of the homogeneity and molecular weight. High-performance size-exclusion chromatography (HPSEC). The HPSEC apparatus was equipped with a Zorbax PSM 1000S column (Agilent, USA; 7.8 mm ID Â 300.0 mm), an LC-20AD pump and RID-10A refractive index detector. The glucan-protein complex solution (20 mL, 3 g/L) was injected and eluted with distilled water at room temperature with a flow rate of 0.8 mL/min.
Electrophoresis. The glucan-protein complex was resolved on 1.0% agarose gel by electrophoresis in a Tris-HCl buffer (pH 9.1), and then stained with 0.1% toluidine blue in acetic acid/ethanol/water (0.1:5:5, v/v/v) according to Zhang et al.
26)
Molecular weight determination. The molecular weight of the glucan-protein complex was determined by HPSEC under the same conditions as those already described. The molecular weight was estimated by reference to a calibration curve made from standard dextrans of known molecular weight (MW 25 kDa, MW 80 kDa, MW 150 kDa and MW 270 kDa from Leuconostoc mesenteroides).
Monosaccharide analysis. The monosaccharide analysis was conducted by methanolyzing 0.5 mg of polysaccharide with 0.2 mL of 0.5 N methanolic HCl (Supelco, Bellefonte, PA, USA) at 80 C for 16 h, re-N-acetylating with 500 mL of absolute methanol, 10 mL of pyridine and 50 mL of acetic anhydride, then treating with the Sylon HTP trimethylsilylation reagent (Supelco, Bellefonte, PA, USA) for 20 min at room temperature, drying in a nitrogen stream and redissolving in hexane. The GC-MS analysis of the trimethylsilylated derivatives was carried out with an Agilent Technology 7683B gas chromatograph connected to an Agilent Technology 5973 mass selective detector. Each sample was dissolved in hexane prior to splitless injection into an HP-5MS fused silica capillary column (0.25 mm i.d. Â 30 m). The column head pressure was maintained at around 8.2 psi to give a constant flow rate of 1 mL/min, using helium as the carrier gas. The initial oven temperature was held at 60 C for 1 min, increased to 140 C at 25 C/min, then to 250 C at 5 C/min, and then to 300 C at 10 C/min. Sugars were identified by comparing with reference sugars.
Amino acid analysis. The acidic glucan-protein complex was hydrolyzed by 6 M HCl in a sealed ampule for 22 h at 110 C. The amino acid constituents were separated in a reversed phase Hypersil gold column (4.6 ID Â 150 mm, 3 mm) and analyzed by high-performance liquid chromatography (Alliance 2695 instrument, Waters, USA) with a mobile phase composed of a sodium acetate buffer at pH 4.9 and 60% acetonitrile. Preliminary calibration of the column was conducted by using amino acid standards.
Fourier transform infra-red (FT-IR) analysis. The acidic glucanprotein complex was ground with KBr powder and then pressed into a 1-mm pellet for FT-IR measurements. FT-IR spectra were obtained with a Spectrum One FT-IR spectrometer (Perkin Elmer Co., USA) at 400-4000 cm À1 .
Atomic force microscopic (AFM) analysis. A stock solution (1.0 mg/mL) was prepared by mixing the acidic glucan-protein complex with distilled water while constantly stirring for 3 h. The stock solution was diluted to a final concentration of 2 mg/mL. About 5 mL of the sample solution was dropped directly on to a newly cleaved mica surface and allowed to dry in the air at room temperature. A Seiko SPI400 atomic force microscope was used in this study, operated in the tapping mode. The resulting imaging force was estimated as 0.05-1.60 nN, and the resonant frequency was about 180 kHz.
Macrophage cell culture. Murine macrophage J774A.1 cells were propagated in an RPMI 1640 medium supplemented with 10% heatinactivated fetal bovine serum and 2 mM L-glutamine, and cultured at 37 C in a 5% CO 2 incubator.
Cell viability. The effect of the acidic glucan-protein complex on the viability of murine macrophage J774A.1 cells was determined by using the alamarBlue reagent (Invitrogen) which functioned as a cell health indicator by converting the resazurin reagent to resorufin in viable cells. After pre-incubating the murine macrophage J774A.1 cells (2 Â 10 6 cells/mL) for 18 h, the acidic glucan-protein complex was added or not added (control) to the cells, before incubating for 48 h. One-tenth the volume of alamarBlue reagent was added, and the mixture incubated for 4 h at 37 C. The fluorescence was measured at an excitation wavelength of 570 nm and emission wavelength of 600 nm, as recommended by the manufacturer. The percentage of viable cells was then determined by comparing with the non-treated control.
Determination of nitric oxide (NO) production. After pre-incubating murine macrophage J774A.1 cells (2 Â 10 6 cells/mL) for 24 h, the acidic glucan-protein complex (100 mg/mL) or lipopolysaccharide (LPS, 1 mg/mL) and the control were added, and the mixture was incubated for an additional 24 h. Nitrite was measured in the culture supernatant by adding 100 mL of the Griess reagent (1% sulfanilamide and 0.1% N-[1-naphthyl]-ethylenediamine dihydrochloride in 5% phosphoric acid) to 100 mL of the sample. The nitrite concentration was determined at 540 nm, using NaNO 2 as the standard.
27)
Determination of the tumor necrosis factor (TNF-) production. Murine macrophage J774A.1 cells (2 Â 10 6 cells/mL) were incubated for 24 h with the acidic glucan-protein complex (100 mg/mL) or LPS (1 mg/mL) and the control. The supernatant was harvested, and the concentration of TNF-was determined by using a mouse TNF-ELISA kit according to the manufacturer's instructions.
Monitoring contamination with LPS. In order to rule out possible LPS contamination of the acidic glucan-protein complex, murine macrophage J774A.1 cells were pre-incubated with or without 10 mg/mL of PMB for 30 min, before being treated to determine NO production and TNF-production with the acidic glucan-protein complex (100 mg/mL) or LPS (1 mg/mL).
Statistical analysis. Each result is expressed as the mean AE SD of data obtained from triplicate experiments. A statistical analysis was performed by a paired Student t-test, differences at p < 0:01 being considered statistically significant.
Results and Discussion
Extraction of the crude polysaccharide The respective percentages of xylan and cellulose in P. sajor-caju were 9.8% and 7.5%. 24) The glucanprotein complex in the cell walls of mushrooms is bound together with xylan and cellulose to form a network. 28) When both xylan and cellulose are eliminated, the protein-bound polysaccharide should therefore be released from the cross-linked structure, and having the advantage in further purification. The extraction and purification procedure used in our study is shown in Fig. 1 . Like the previous study, it was found that the crude enzyme from the B-6 strain contained multiple xylanases and cellulases which differed in their activities against various substrate structures and modes of action. Moreover, the B-6 strain efficiently hydrolyzed insoluble xylan and cellulose, because of the xylan-or cellulose-binding ability. 29) The crude polysaccharide was treated with xylanase (2.0 U/g fresh weight of tissue) and cellulase (0.08 U/g fresh weight of tissue) from strain B-6, which gave the maximum amount of reducing sugars (14.0 mg/g of powder) at 90 min (Fig. 1A) . After hydrolysis of the crude polysaccharide, 72.6% of the total sugar was obtained from the hydrolyzed product of xylan and cellulose. Hence, both xylanase and cellulase played important roles in the hydrolysis of xylan and cellulose in the networks of the P. sajor-caju cell walls. These results indicate that xylanase and cellulase could be used to degrade xylan and cellulose in the cell walls in order to increase the release of protein-bound polysaccharide.
In this step, the effect of the enzyme treatment was assessed according to the percentage of protein-bound polysaccharide released. The results show that the enzyme treatment had a highly positive effect on the release of protein-bound polysaccharide when compared with the non-enzyme treatment. In the presence of xylanase and cellulase, 45.4% of protein-bound polysaccharide was released, whereas only 20.6% was released with the non-enzyme treatment. The enzymes might have reduced the intermolecular association of proteinbound polysaccharide with xylan and cellulose in the crude polysaccharide of P. sajor-caju, making it easier to isolate.
Purification of the acidic polysaccharide-protein complex
In the first stage of purification after the enzymatic treatment, the polysaccharide extract was passed through a Toyopearl DEAE 650M column to separate the neutral polysaccharide (-glucan) from the acidic fractions (acidic protein-bound polysaccharide). The column was eluted with distilled water and then stepwise with NaCl solutions.
6) The elution profile from anion-exchange chromatography is shown in Fig. 1B . Five peaks were separated by the column, namely P1, P2, P3, P4 and P5. The P1 fraction was a neutral polysaccharide (unabsorbed fraction) and could be detected by the phenol-sulfuric method, 23) but not by the Lowry method. Fractions P2-P5 were negatively charged (absorbed fractions) and were eluted at higher NaCl concentrations. P2 was eluted with 0.2 M NaCl stepwise elution, containing both polysaccharide and protein, whereas P3-P5 were eluted with 0.5 M NaCl and only contained protein. P2 was selected for further study the therapeutic effect on tumors and the immunomodulatory activity of the acidic polysaccharide-protein complex have been reported. 5) The protein remaining in fraction P2 appeared to be bound, as the Sevag protocol was repeated many times to ensure the complete removal of free proteins. Bound proteins would not easily be eliminated by using this approach. 30) It is interesting that, in the presence of xylanase and cellulase, 76.2% of the acidic polysaccharide-protein complex was obtained, whereas only 13.4% was obtained with the non-enzyme treatment. P2 was selected for further purification using the Sepharose CL-6B column. The purified acidic glucan-protein complex was obtained and its profile is shown in Fig. 1C .
Homogeneity, purity and molecular weight
The HPSEC profile shows a single and symmetrical peak, indicating that the purified acidic polysaccharideprotein complex was a homogeneous polysaccharide ( Fig. 2A) . The complex was also assessed by using agarose gel electrophoresis and staining with toluidine blue; only one spot was apparent (Fig. 2B) , confirming that the purified acidic glucan-protein complex was homogeneous. The molecular mass of this fraction was estimated by HPSEC to be 182 kDa ( Fig. 2A) , using dextrans as standards. It is generally thought that the activity of polysaccharides increases with its MW. To trigger cellular or immune events, polysaccharides must first collide with their receptors or binding target Detailed methods are given in the Materials and Methods section. A, Time-course characteristics for the hydrolysis of P. sajor-caju cell walls by cell wall-degrading enzymes from strain B-6; B, Elution pattern of the polysaccharide extract from a Toyopearl DEAE 650M column; C, Elution pattern of the purified acidic polysaccharide-protein complex from a Sepharose CL-6B column. The polysaccharide and proteins were respectively detected by using the phenol-sulfuric method at 490 nm and by UV measurement at 280 nm.
proteins. Presumably, larger polysaccharides have a better chance of colliding effectively. Furthermore, larger polysaccharides contain more repeat units and thus have a higher valency; the latter infers that higher MW polysaccharides bind more receptors and proteins. 14) Composition of the purified acidic glucan-protein complex
The purified acidic glucan-protein complex contained 82.8% polysaccharide and 13.5% protein, confirming that it was a protein-bound polysaccharide. A monosaccharide analysis showed that the acidic glucanprotein complex consisted of glucose (97.2%) and galactose (2.8%). However, galactose presented as a monosaccharide in the acidic glucan-protein complex might have been a product of the degradation of an unidentified polysaccharide during methanolyzation for preparation of the GCMS analysis. The amino acid composition of the acidic glucan-protein complex is shown in Table 1 . Its protein portion predominantly consisted of acidic amino acids: glutamic acid (10.8% w/v) and aspartic acid (10.7% w/v). Aspartic acid and glutamic acid are negatively charged and were absorbed in the DEAE Toyopearl 650M column during the purification step. The positively charged components were lysine (7.2% w/v), arginine (6.7% w/v) and histidine (1.7% w/v). The high proportion of proline (15.6% w/v) and glycine (6.1% w/v) would have made the complex relatively flexible.
FT-IR of the acidic glucan-protein complex FT-IR spectroscopy was used to investigate the molecular vibrations, monosaccharide types, glycosidic bonds and functional groups. Figure 3 shows that the FT-IR spectrum of the acidic glucan-protein complex in the 1000-4000 cm À1 region contained absorption peaks at 1047, 1077, 1237, 1424, 1648, 2926 and 3410 cm À1 .
31)
The intense stretched peak at 3411 cm À1 was due to the hydroxyl (O-H)-stretching vibration of the polysaccharide. The absorption peak at 2926 cm À1 was attributed to the alkyl (C-H)-stretching vibrations. The peak at 1648 cm À1 was attributed to an amino group (N-H)-bending vibration, which implies the presence of proteins.
31) The carboxyl group peak at 1424 cm
À1
indicated the stretching vibration of C-O, and the absorption peak at 1047 cm À1 was due to the bending vibration of O-H. The peaks at 1152, 1077, and 1042 cm À1 are from the corresponding sugar residues (pyranose ring).
The characteristic absorption peaks at 865 cm À1 were typical of the -dominating configuration in pyranose. Synytsya et al. 32) have reported that -glucan had the peak at about 865 cm À1 in a polysaccharide extract of the cultivated oyster mushroom (genus Pleurotus). Based on the results, it can be concluded that it was due to the purified acidic -glucan-protein complex. AFM of the acidic -glucan-protein complex Atomic force microscopy is an valuable tool for characterizing biopolymers. The tapping mode AFM image in Fig. 4 reveals that the purified acidic -glucanprotein complex was an island-like structure and that the spherical-like conformation was slightly disassociated. It had a diameter of about 1.1-1.2 nm, rather than 1.0 nm, and the atomic force image indicated that there were multiple sugar chain aggregates, and that the structure was branched and entangled. 33) Limited bioactive polysaccharide-protein complexes have recently been reported, polysaccharide-protein complexes with a spherical conformation and antitumor activity having been found in P. tuber-regium. 28) However, there are no previous reports relating to the spherical-like conformation of the acidic -glucan-protein complex of P. sajorcaju. This study therefore reports for the first time the slightly disassociated spherical structure in the acidic -glucan-protein complex of P. sajor-caju.
A B
Macrophage activation of the acidic -glucan-protein complex
Macrophages play a major role in host defense against infection by defending against pathogen invasion and harming cancer cells by secreting cytokines, including the inflammation mediators, NO and TNF-. 34) Cytotoxicity assays are commonly employed to evaluate the potential toxicity of extracts; such toxicity can be measured by assessing the cellular damage. A cytotoxicity assay was carried out on the murine macrophage J774A.1 cells, and toxicity was estimated by determining the percentage of cells surviving after incubating with the acidic -glucan-protein complex for 48 h. The percentage cell survival was plotted against the different concentrations of the acidic -glucan-protein complex (6.25 to 100.0 mg/mL), as shown in Fig. 5A , revealing the lack of a cytotoxic effect (>80% cell viability). The acidic -glucan-protein complex therefore had no direct cytotoxicity toward macrophages, although their toxic potential must first be assessed before they can be utilized as a biomaterial in the development of functional foods.
Nitric oxide production by murine macrophage J774A.1 cells was measured after incubating with the acidic -glucan-protein complex, and was compared with the amount produced by the untreated control group. The former produced larger amounts of NO than the untreated cells, but less NO when compared with that by LPS stimulation (Fig. 5B) . TNF-, which is also produced by macrophages, is considered an important mediator involved in killing tumor cells. After TNF binds to its receptor, the complex becomes internalized by endocytosis and then follows multiple diverse intracellular pathways.
35) The amount of TNF-produced in the murine macrophage J774A.1 cells after being treated with the acidic -glucan-protein complex was higher than that by LPS stimulation, but could not be detected in the untreated cells (Fig. 5C) . It is not known whether the acidic -glucan-protein complex itself activated the murine macrophage J774A.1 cells to produce NO and TNF-or whether it was contaminated by an endotoxin. PMB, an inhibitor of LPS activity, is known to be a potent antibiotic that can bind to the major component lipid A of an endotoxin. 36) PMB was therefore used to check the endotoxin contamination of the acidicglucan-protein complex. When PMB was added to the LPS-treated cells, the NO and TNF-activities were almost completely inhibited. On the other hand, the acidic -glucan-protein complex-treated cells incubated with PMB were able to produce NO and TNF-, although with no statistical difference between the acidic -glucan-protein complex treated with PMB and that not treated PMB (data not shown). Thus, PMB bound completely to LPS and did not affect the acidicglucan-protein complex.
It is possible that polysaccharide moieties contribute to biological functions, because protein(s) should be covered with polysaccharides. On the other hand, the activity of protein-bound polysaccharides can probably be attributed to their protein component which is bound with the carbohydrate units to form a complex. 37) The biological activities of protein-bound polysaccharides have been investigated by using different assays; Matsunaga et al. 38) have investigated the effect of the protein-bound polysaccharide derived from Coriolus versicolor on transforming growth factor-, suggesting that the protein moiety of the protein-bound polysaccharide played an important role in its activity; Ishihara et al. 39) have reported that -glucan and proteins showed in-vitro chemokine-inducing activity in human alveolar macrophages. The mechanism for macrophage activation by polysaccharide-protein complexes may involve the activation of transcription factor NF-B which is essential for the expression of a wide variety of immune response genes such as TNF. 40) Although the precise mechanism for antitumor activity is not clearly understood, activated macrophages may be involved. A previous study on the -polysaccharide-protein complex in P. sajor-caju, which had been extracted by hot water and then fractionated and purified by various column chromatographic efforts, 13) found that it had a MW of about 420 kDa and a protein moiety that was rich in glycine and glutamic acid, but that contained no aspartic acid or proline. This complex had no antitumor activity. The acidic -glucan-protein complex in the current study therefore clearly differs from that in the previous report. On the basis of the enzyme treatment results, enzyme-assisted extraction was performed to reduce the intermolecular (xylan and cellulose) association of the glucan-protein complex from P. sajor-caju. The results indicate that this method was more effective for the extraction and purification of the acidic glucan-protein complex. Moreover, a novel acidic -glucan-protein complex was obtained from P. sajor-caju and activated macrophages in our study. In conclusion, the novel acidic -glucan-protein complex has potential as an immunomodulator as well as for macrophage activation.
